Abstract: Tumor necrosis factor receptor associated protein 1(TRAP1) is a member of the Hsp90 family that acts as a molecular chaperon to the tumor suppressor retinoblastoma susceptibility gene (RB1). We have previously demonstrated that TRAP1-positive cells contain a high level of cell proliferating genes, whilst TRAP1-negative cells contain a high level of genes involved in cell cycles and metastases. In this study, we performed a functional analysis of TRAP1 which focused on its regulation within a cell cycle in relation to RB1. Following a heat shock, TRAP1 translocates to the nucleus and chaperons RB1. When TRAP1 is silenced by siRNA, or prevented from entering the nucleus in hypoxic cells, formation of RB1/E2F1 complexes is impaired and cell cycle activity is promoted by deregulating the G1/S transition. Inhibition of the nuclear translocation of TRAP1 with geldanamycin abrogates its ability to maintain RB1 in a form that associates with E2F1. Restoration of TRAP1 expression reverses these effects. We analysed TRAP1/RB1 expression on 630 tumors by immunohistochemical staining and found TRAP1 lost in some types of cancer, such as non-small cell lung cancer and breast cancer, and the positive correlation of TRAP1 expression in nuclear and cytoplasm with RB1 was observed. Clinico-pathological data showed that breast carcinoma patients lacking nuclear TRAP1 have a shorter disease free survival. Our data suggests that nuclear translocation of TRAP1 is crucial for its function as a chaperon. The loss of TRAP1 expression in certain types of cancer may provide the growth advantage due to the lost control at cell cycle check point.
INTRODUCTION
Tumor necrosis factor receptor associated protein 1 (TRAP1) is a heat shock protein 75 (HSP75) highly homologous to HSP90 and chaperons RB1 [1, 2] . Its association with RB1 is evident either during the M phase of the cell cycle or by re-locating into the nucleus following a heat shock, where it refolds denatured RB1 to its active conformation [1] . Mostly, TRAP1 is localised in mitochondria [3] acting as a substrate for the serine/threonine kinase PINK1 [4] . Other localizations include the TNF receptor on cell membranes [5] , the cytosol and the endoplasmic reticulum [6] . It is therefore very likely that TRAP1 interacts with many other proteins and is involved in multiple pathways. Similar to HSP90, TRAP1 binds with ATP and is sensitive to Geldanamicyn, Radicicol and Shepherdin [3, 7] .
Established TRAP1 functions also include binding to type 1 TNF receptor, interacting with the EXT1 and EXT2 proteins involved in hereditary multiple exostoses [8] , and protecting cells from oxidative stress when phosphorylated [4, 9, 10] . A recent study revealed that TRAP1 is associated with the unfolded protein response (UPR) in oestrogen-receptor (ER) dysfunction indicating that mitochondria could be a potential regulator of the UPR in the ER through mitochondrial TRAP1 [11] . TRAP1 has also been reported to protect against apoptosis [12] [13] [14] and be involved in chemo-resistance by blocking drug-induced apoptosis [15] . Expression analysis with DNA microarrays has also revealed that TRAP1 mRNA transcription is regulated by C-MYC [16] .
TRAP1 has been reported to be up regulated in some tumors [7, 15, 17] and to be involved in oncogenesis by contributing to inhibition of apoptosis in cancer cells [7] . By data mining mRNA expression profiles of several types of tumor, we observed that TRAP1 expression was down-regulated in some types of lung, breast and pancreatic endocrine cancers compared to their corresponding normal tissues [18] [19] [20] .
It is well documented that the level of Heat shock proteins (HSPs) increases in tumors as a response to stress in order to restore the normal protein-folding environment. HSPs are essential in maintaining oncogenes in an active conformation. The dependence of cancer cells on normal cell functions, like the increase in levels of HSP, has recently been termed "non-oncogenic addiction" [21] .
To understand the TRAP1 function in relation to its gene regulation, we have previously performed gene expression profiles on TRAP1 silence and reexpression tumor cell lines which found that TRAP1 regulates genes involved in cell cycle and metastases [2] . To further address the role of TRAP1 in the cell cycle regulation, in connection with RB1, we designed this study. As hypoxia is a shock situation occurring commonly in tumors [22] , and hypo-phosphorylation of RB1 is an early event occurring within 6-12 hours of hypoxia [23] , we raised the hypothesis that loss of TRAP1 might provide a growth advantage by impairing the re-activation of RB1 suppressor gene function when tumors cells are subject to such a shock. We investigated whether the expression of TRAP1 has any effect on the ability of RB1 to reduce cell proliferation during the first 16 hours of hypoxia. We also reviewed whether TRAP1 is involved in the cellular response to hypoxic shock, as well as heat shock, and whether its presence or absence affects any of the RB1 functions "in vitro" following the shocks.
METHODS

Cell Culture
Human Ductal breast carcinoma cell lines MCF7, T4TD and MDA231, human lung epithelial carcinoma cell line A549 and human colon adenocarcinoma cell line SW480, were cultured in 90% Dulbecco's MEM + 10% FBS. Cells were split confluent cultures 1:5 every 4 days using tripsin/EDTA and incubated at 37ºC with 5% CO 2 until further experiments were conducted.
Study of Sub-Cellular Localization
Wild type cells were grown as above and then cultured at normoxia for 48 hours. Cells were then incubated in hypoxia (0.1% oxygen) for 0, 1, 2, 8, 16 and 24 hours. Harvested cells were then subjected to immunoblotting of whole cell lysate, nuclear/ cytoplasmic fractionation or stained for TRAP1 by immunoflurescence and examined by a confocal microscope. All experiments were repeated twice. The detailed protocols are in Supporting information S1.
siRNA Transfection, Cell Culture and Flow Cytometry siRNA duplexes against the mRNA sequence targeting TRAP1 gene were designed and synthesised by Eurogentec (Eurogentec Inc, Belgium). Detailed sequences and procedure have been described previously [2] . Cells were then treated as wild type (WT), scramble (SCR) and RNA interference (RNAi). Cells were cultured at both normoxic for 48 hours and followed by hypoxic (0.1% of O 2 ) incubation for 16 hours. Cells then were harvested for the following FACS assay. Cells were washed in PBS and fixed with ice-cold 70%(v/v) ethanol for 1h then spun down and resuspended in 1ml PBS containing propidium iodide (5μg/ml) and RNase A(2mg/ml). Stained cells were analysed by the Becton and Dickinson FACSCalibur flow cytometer using the CellQuest software. The data were expressed as a histogram with the DNA content (FL2-H) along the X-axis. The percentage of cells in S phase was obtained using the ModFit LT software from Verity House (Verity House Inc.USA). Three independent experiments were performed with A549 and two with SW480. The statistical analysis of the results is described in detail in the Supporting information S2.
TRAP1 Expression Construct and Transfection
The TRAP1 cDNA sequence BC023585 was identified from the PubMed database and obtained from GeneService (Cambridge, UK). The sequence was extracted and inserted into pcDNA4/HisMax, an expression vector (Invitrogen), and confirmed by sequencing (MWG sequencing service). MDA231 cells were transfected using the calcium phosphate coprecipitation method. Transfection mixtures were set up according to the manufacturer's instructions using 20μg of plasmid DNA (either TRAP1-pcDNA4 or empty vector pcDNA4). The media was replaced the next day and cells were cultured for 32h in normoxia and then subjected to 16h of hypoxia.
TaqMan Real Time Quantitative PCR
For each type of cancer we analysed 10 tumor samples and 10 corresponding normal tissue samples, as previously described [18] . All PCR primers and TaqMan probes were designed and purchased from ABI according to the company's assays-on-demand protocol. Their context sequence lists can be viewed in supporting information S3. Reactions were performed in triplicate and no false positive was detected in nontemplate control.
Co-Immunoprecipitation & Immunoblotting
Cultured transfected or treated cells were lysed in buffer containing 50mM Tris-HCl(pH 7.4), 120mM NaCl, 0.5% NP-40, 50mM NaF, 5mM EDTA, 1mM DTT, 0.2mM Na 3 VO 4 and protease inhibitor cocktail (Roche). Samples were loaded onto either 7.5% or 10% SDS-PAGE gels for electrophoresis and immunoblotting. RB1 was immunoprecipitated from the extracts with immunostaining for TRAP1. Normal mouse IgG (Upstate, Billerica, MA, USA) was used as a negative non-specific IgG control.
Immunostaining of Tissue Sections
4μm sections were cut from paraffin blocks and mounted on slides. The slides were first heated at 60 o C for 12min to melt the wax, dewaxed by immersing in citroclear twice (6min each time), and then rehydrated in graded ethanol solutions (100% ethanol twice, then 50% ethanol once, 5min each time). 0.3% hydrogen peroxide (VWR BDH, Leiscestershire, UK) was applied for 5min at room temperature to quench any intrinsic tissue peroxidase activity that would falsely enhance the perioxidase reaction in the final step (secondary antibody used is conjugated with horse-radish peroxidase). Non-specific binding was blocked by incubating with 2.5% normal horse serum (Vector Laboratories, Burlingame, CA, USA). TRAP1 monoclonal antibody (Labvision, Fremont, CA, USA, 1:400 dilution) and RB1 monoclonal (Dako A/S, Gloustrup, Denmark, 1:50 dilution) were then applied. Substitution of the primary antibody with phosphatebuffered saline (PBS) served as a negative control. Slides were then washed in PBS twice before the secondary antibody was applied for 30min. In general, the Envision kit (Dako) was used.
Patient Characteristics
Tissue microarrayed 1 mm cores from 423 invasive breast carcinomas were collected from patients who underwent surgery at the John Radcliffe Hospital, Oxford, UK. Four separate cores were obtained from each tumor specimen; necrotic regions were avoided. This study has ethical committee approval (number C02.216). Cores that were incomplete or that did not include tumor epithelial cells were excluded. Only patients with operable breast carcinoma were included in this study. None had received any neoadjuvant therapy. Information of the patient characteristics including age, tumor size, grade, histology, nodal status, oestrogen-receptor (ER) status and human epidermal growth factor receptor-2 (HER2) status were collected from clinical and pathological records. The median age of the patients was 58 years (range 31 to 90 years). 76% of invasive tumors were classified as invasive ductal of no specific type, 7% as invasive lobular carcinoma, and 7% as other histological types (data was unavailable for the remaining 10%). Median tumor grade, according to the Bloom and Richardson criteria, was 2 and the median tumor size was 21mm (range 3 to 100mm). 41% of tumors were node positive and 66% were ER positive. Patients less than 50 years of age with node positive or ER negative tumors, or tumors more than 3cm in size, were given adjuvant chemotherapy (cyclophosphamide, methotrexate and 5-fluorouracil (CMF). Patients with hormone responsive tumors, who were more than 50 years of age, were given endocrine therapy. Over a median follow-up period of 125 months (range 5.1 to 209.0 months), there were 172 relapses and 142 breast cancer-related deaths.
We stained a variety of normal and tumor tissue arrays produced within our laboratory. On each sample the percentage of cells showing cytoplasmic staining and nuclear staining was recorded. For positive cells, intensity of staining (again for nuclear end cytoplasmic) was recorded on a scale from 1 to 3. For data analysis a case was considered as positive (for nuclear end/or cytoplasmic staining) where 10% or more cells demonstrated positive staining of an intensity of 2 or more. The detailed protocols and materials are in supporting information S4.
Survival Analysis
The relationship between TRAP1, RB1 and the various clinic-pathological parameters and hypoxic markers, was evaluated using either the chi square test or Fisher's exact test where appropriate. Kaplan-Meier survival curves were calculated using tumor recurrence (defined as the first re-appearance of tumor at any site following definitive treatment) as the endpoint. The difference between groups in the time interval to recurrence (disease-free survival) was calculated by means of a log rank test. All univariate and survival analyses were performed with GraphPadPrism version 4 (GraphPad software Inc., San Diego CA). The Cox proportional hazards regression model was used to identify independent prognostic factors for disease-free survival and was performed using the Stata package release 8.1 (Stata Corporation, 4905 Lakeway Drive, College Station, Texas 77845, USA). A 2-tailed P value was used in all analyses and a P value of less than 0.05 was considered statistically significant. A. Hypoxia induced an increase in nuclear TRAP1 levels until 16h. No change in cytoplasmic or total cellular TRAP1 levels was observed. Whole cell lysates (WCL) and sub-cellular fractions were prepared from A549 lung carcinoma cells subjected to varying durations of hypoxia and resolved on 10% SDS-PAGE electrophoresis and immunoblotted with anti-TRAP1 and anti-RB1 antibodies. -actin served a loading control for WCL. HP1a and GAPDH served as nuclear and cytoplasmic markers, respectively. A similar peak in nuclear TRAP1 levels was also observed in MCF7 and SW480 (shown in supplementary figure) . B. Immunofluorescent studies of A549 cells: nucleolar marker fibrillarin is in red/ TRAP1 staining (green) was predominantly in cytoplasm in normoxia. No increae by colocalisation between TRAP1 and Tom20 in normoxia. C. After 16 hrs of hypoxia, there is an increasing in nuclear TRAP1 levels in hypoxia by co-localisation between TRAP1 and Tom20 in hypoxia.
RESULTS
Hypoxia Affects TRAP1 Expression
We exposed human lung adenocarcinoma A549 cells, human ductal breast carcinoma T47D, MCF 7 cells and human colon adenocarcinoma SW480 cells to various durations of hypoxia (0.1% oxygen) and performed nuclear/cytoplasmic fractionation followed by immunoblotting. In all of the cell lines, the levels of TRAP1 protein in the nuclear fraction were A. An increase in TRAP1-RB1 co-immunocomplexes was observed in MCF7 cells subjected to hypoxia (H), as compared to normoxic culture (N). Lysates were immunoprecipitated with anti-TRAP1 antibody and immunoblotted with anti-RB1 antibiody. Immunoblotting of TRAP1 levels showed equivalent amounts of TRAP1 pulled down. B. A similar increase in TRAP1-Rb co-immunocomplexes was observed in A549 cells in hypoxia. C. Subcellular fractionation studies performed on MCF7 cells treated with 16h of hypoxia. TRAP1-RB1 co-immunocomplexes were observed predominantly in the nuclear fractions (Nuc) although much larger amounts of TRAP1 were present in the cytoplasm (Cyto). TBP and IGF1R were used as a nuclear and cytoplasmic marker respectively and demonstrated the quality of subcellular fractionation. Results here are representative of 2 similar experiments. D. Immunofluorescent studies of A549 cells: In normoxia RB1 (red) is predominantly nuclear while TRAP1 (green) is cytoplasmic. E. Following exposure to hypoxia co-localization between TRAP1 and RB1 is present in the nuclei of hypoxic cells. substantially increased after 16 hours of hypoxia but maintained a minimal in normoxia. Levels of TRAP1 in the whole cell lysate (WCL) and cytoplasmic fractions were not changed by hypoxia (Figure 1a) . Immunofluorescence staining confirmed that TRAP1 nuclear translocation occurred in hypoxic cells when TRAP1 co-localizing inside the nucleolus was observed with fibrillarin (Figure 1b & c) .
TRAP1-RB1 Interactions Occur Primarily in the Nucleus
MCF7 cells were cultured in normoxia and then subjected to 16h of hypoxia. Lysates were immunoprecipitated with anti-TRAP1 antibody, resolved on 10% SDS-PAGE electrophoresis and immunoblotted with anti-RB1 antibody. A direct physical association was observed between TRAP1 and RB1 in normoxia and a significant increase in TRAP1-RB1 co-immunocomplexes was observed following hypoxic treatment (Figure 2a) . A similar increase in TRAP1 interactions with RB1 in hypoxia was also noted in A549 cells (Figure 2b) . Subcellular fractionation was performed on MCF7 cells treated with 16h of hypoxia and the interaction between TRAP1 and RB1 was evaluated in the nuclear and cytoplasmic fractions. Lysates were immunoprecipitated with anti-TRAP1 antibody, resolved on 10% SDS-PAGE electrophoresis and immunoblotted with anti-RB1 antibody. TRAP1-RB1 co-immunocomplexes were found predominantly within the nuclear lysates, although much greater amounts of TRAP1 were present within the cytoplasmic fractions (Figure 2c) . Confocal microscopy on the A549 cell line confirms colocalization of TRAP1 and RB1 in the nuclei of hypoxic cells (Figure 2d & 2e) .
Loss of TRAP1 Impairs RB1/E2F1 Interaction and Enhances Cell Cycle Activity
The effect of TRAP1 loss on the interaction between RB1 and E2F1 was evaluated to demonstrate that TRAP1 is known to maintain RB1 in the hypophosphorylated form that binds E2F1. MCF7 cells were transfected with siRNA against TRAP1. Cells were cultured for 48h in normoxia before either being subjected to 16h of hypoxia or cultured for another 16h in normoxia. The efficiency of siRNA knockdown was evaluated by TaqMan real time quantitative PCR, showing a loss of 90% of TRAP1 mRNA in treated cell lines compared to the wild type cells or those treated with a scrambled sequence. The levels of RB1 mRNA were not changed. TRAP1 proteins were almost completely absent in siRNA treated cells. RB1 protein was decreased in response to TRAP1 siRNA under normoxic and, more markedly, hypoxic conditions. The total E2F1 level was not affected (details in supporting information S5). Whole cell lysates were immunoprecipitated with anti-E2F1 antibody and immunoblotted with anti-RB1 antibody. TRAP1 knockdown resulted in a significant reduction of RB1/E2F1 co-immunocomplexes in hypoxia while the formation of RB1/E2F1 co-immunocomplexes was not affected by TRAP1 knockdown in normoxia. No change of RB1/E2F1 interaction was observed in mock and scrambled siRNA groups between normoxia and hypoxia (Figure 3a) .
To investigate whether the diminished interaction between RB1 and E2F1 affected the cell cycle, we performed FACS analysis on A549 and SW480 cell lines treated as above. TRAP1 knockdown did not appear to have a significant effect on cell proliferation in normoxia (P = 0.55) (Figure 3b) . This was not unexpected since RB1-E2F1 co-immunocomplexes were not affected by TRAP1 knockdown. Consistent with the findings in Figure 3a , reduced RB1 interaction with E2F1 in hypoxia, TRAP1 knockdown resulted in a statistically significant increase in the S-phase fraction in hypoxia (P = 0.01) (Figure 3c) . These results suggested that TRAP1 was important in regulating G1/S transition when cells were exposed to hypoxia.
Geldanamycin
Inhibits TRAP1 Activity by Preventing TRAP1 Nuclear Translocation Because Geldanamycin inhibits both Hsp90 and TRAP1 [3] , we explored whether its inhibitory effects on TRAP1 produced the same final effects on mRNA and protein depletion. MCF7 cell treatment with 1uM
Geldanamycin does not alter the total amount of TRAP1 protein but almost completely abolished the nuclear translocation following hypoxia (Figure 4a) . Following the inhibition of TRAP1 nuclear translocation, there is a decrease in hypoxia treated cells of the amount of TRAP1-RB1 complexes associated with a reduction in RB1/E2F1 co-complexes. Levels of E2F1 protein levels were not affected (Figure 4b) . TaqMan RT-PCR analysis showed that treatment of MCF7 cells with geldanamycin did not alter the mRNA levels of TRAP1, RB1 and E2F1 (Figure 4c) .
Restoration of TRAP1 Expression Enhances RB1/E2F1 Interaction and Inhibits Proliferation
To further evaluate the effect of TRAP1 on RB1/E2F1 interactions, TRAP1 expression was restored in MDA231 human breast adenocarcinoma cells which are deficient in TRAP1 expression but possess functional RB1 [24] . MDA231 cells transfected with empty vector served as a negative control. Whole cell lysates, as well as nuclear and cytoplasmic fractions, were immunoprecipitated with anti-E2F1 and immunoblotted with anti-Rb. Restoration of TRAP1 expression did not appear to alter the total cellular RB1 and E2F1 levels in both normoxia and hypoxia (Figure  5a) . No obvious increases in RB1/E2F1 coimmunocomplexes were observed following TRAP1 reexpression in normoxia, while a marked increase of RB1/E2F1 interaction was observed both in WCL and nuclear fractionation when TRAP1-expressing MDA231 cells were subjected to hypoxia (Figure 5b) .
Having observed that the restoration of TRAP1 expression enhanced the interaction between RB1 and E2F1 in nuclear extracts, the effect on cell proliferation was evaluated. Wild type, empty vector and TRAP1 transfected MDA231 cells were incubated with BrdU to label cells in the S phase and analysed using flow cytometry. A decrease in the proportion of cells entering into the S phase was noted when TRAP1 was re-expressed in MDA231 cells subjected to hypoxia. This was statistically significant (P = 0.0007) (Figure  5c ). No statistically significant reduction in the S phase fraction was observed following TRAP1 re-expression in cells cultured in normoxia (P = 0.11) (Figure 5c ). These findings were in keeping with coimmunoprecipitation studies that showed a significant increase in RB1/E2F1 co-immunocomplexes only in hypoxia.
These findings also complemented observations in TRAP1 knockdowns where TRAP1 loss resulted in an increased tendency of cells entering into the S phase under hypoxic condition.
TRAP1 Expression was Lost in some Types of Human Tumors Compared to its Normal Tissues
We investigated a large series of tumors compared to their normal tissue to examine the TRAP1 expression profiles in tumors. Immunostaining of paraffin embedded normal tissues demonstrated cytoplasmic expression in several cell types (Figure  6A , D, G, J, M and P). Staining on tumor tissue arrays showed that while some tumors have a strong cytoplasmic and/or nuclear staining, others are negative ( Figure 6E, F, H, I, K, L, M, N, O, Q, R) . We observed in this study that TRAP1 was widely expressed in many normal tissues. While its expression was retained in tumors, in particular breast, lung and head and neck carcinomas, significant loss of TRAP1 expression was observed in non-Hodgkin Lymphomas, pancreatic neuroendocrine tumors and lung adenocarcinomas (A summary of the results on 630 tumors and normals were shown in supporting information S6 and S7).
These results correspond to our validation using TaqMan real time quantitative PCR where the TRAP1 mRNA levels were found to be lower in non-small cell lung carcinoma, acute myeloid leukaemia and ductal breast carcinoma compared to the corresponding normal tissues but not in head and neck carcinomas (RT-PCR results in supporting information S8).
TRAP1 Correlated with RB1 Expression in Human Tumor Tissues
We evaluated the correlation of expression of TRAP1 and RB1 in variety of human malignancies including lung, head and neck, pancreatic neurendocrine and B and T cell lymphomas. In lung carcinoma, total of 108 cases were examined. Nuclear TRAP1 expression showed a significant positive correlation with RB1 expression (P = 0.04, OR 2.22, 95% CI 1.02 -4.86), with lung tumors expressing nuclear TRAP1 being twice as likely to express RB1. When NSCLCs (squamous cell carcinoma and adenocarcinoma) were analysed separately from SCLC, nuclear TRAP1 expression positively correlated with RB1 only among NSCLCs (P = 0.004, OR=3.93, 95% CI 1.50 -10.29) (Table 1a) . NSCLCs expressing TRAP1 exclusively within the cytoplasm were 3 times more likely not to express RB1 (P = 0.02, OR 3.47,95% CI 0.10 -0.80) as compared to tumors that expressed TRAP1 in both the nucleus and cytoplasm (Table 1b) . There was no correlation between nuclear and cytoplasmic TRAP1 expression and RB1 in SCLC (Table 1c) 
TRAP1 Expression in Breast Cancer: ClinicoPathological Correlations
We investigated the correlation between TRAP1 expression and various standard clinico-pathological parameters in 423 invasive breast carcinomas for which detailed data and follow up were available. 352 tumors were also evaluated for RB1 expression that was observed in the nucleus of 215 tumors (61%), with a median intensity of 2 in a median percentage of 80% of cells (Table 2a) . Tumors expressing TRAP1 in the nucleus were 2.7 times more likely to express RB1. There was no correlation between cytoplasmic TRAP1 expression and RB1 expression (Table 2a) . Nuclear TRAP1 expression was inversely associated with the risk of disease recurrence (Table 2b) . Accordingly, patients expressing TRAP1 in the nucleus had a significantly longer 5-year and 10-year disease-free survival (Figure 7a & b) as also did those expressing RB1 (see supporting information S9). Cytoplasmic TRAP1 expression was significantly correlated with tumors being of high grade status grade (P = 0.03).
There was no significant correlation with patient age, tumor size, nodal and ER status or with the risk of recurrence and disease-free survival (P > 0.05) ( Table  2a) .
DISCUSSION
The RB1/E2F1 pathway is critical in the initiation of DNA replication and it is disrupted in virtually all human cancers [25] . We have previously demonstrated that TRAP1-positive cells contain a high level of cell proliferating genes, whilst TRAP1-negative cells contain a high level of genes involved in cell cycle and metastases [2] . The importance of TRAP1 as a chaperon to RB1 [1] stimulated our investigation as to whether the loss of TRAP1 expression would affect the cellular response to hypoxia following the impairment of RB1 function.
At the cellular level, the two most common responses to hypoxia are either induction of apoptosis [23] or cell proliferation arrest [24, 26] . One of the most specific mechanisms of cell cycle arrest following hypoxia is the hypo-phosphorylation of retinoblastoma susceptibility gene (RB1) leading to arrest at the G1/S checkpoint [27] [28] [29] . Cell cycle block in severe hypoxia has been reported to be caused by inactivation of enzymes responsible for nucleotide synthesis, leading to inhibition of DNA replication [30, 31] . However in tumors, hypoxia is associated with more aggressive clinical characteristics [23] . It has been widely reported that after an exposure to hypoxia of 4-12 hours, RB1 switches from an inactive phosphorylated form to an active hypo-phosphorylated conformation inducing an arrest of the cell in G1 [24, 29, 32, 33] . A mechanism by which hypo-phosphorylation of RB1 is regulated in hypoxia is that Hif1 inhibits CyclinE and CDK2 activity, presumably by increasing p27 expression, preventing RB1 hyper-phosphorylation and therefore inducing arrest in G1 [34] .
We proposed an additional hypothesis that impairment of RB1 function, due to the loss of TRAP1, could therefore be the prototype for a new oncogenic mechanism in which a tumor suppressor protein activity is lost. This is because of inactivation due to the lack or reduced availability of its chaperons.
First, we observed that in TRAP1 knock-down MCF7 cells, there is a decline in the levels of RB1 protein and RB1/E2F1 complexes resulting in an increase in cellular proliferation with more cells present in the S phase when cells exposed in hypoxia, indicating that knock-down TRAP1 facilitates the G1/S transition. These effects are reversed if TRAP1 expression is re-stored in the MDA231 cells. We then showed that, in a hypoxic environment, TRAP1 is translocated to the nucleus and links to RB1. This nuclear translocation occurs between 16-24 hours of hypoxia. This effect seems to be an early event when cells are under hypoxic stress, as we found that TRAP1 nuclear localization decreased after 24 hours of exposure to hypoxia. Our findings are in keeping with the original report by Chen et al. [1] that TRAP1 translocates to the nucleus and re-folds RB1 after a shock. In the absence of the chaperon, the misfolded protein becomes unable to link to its target and is probably degraded by the proteasomal pathway in a similar way to most other misfolded proteins [35] .
To establish whether the accumulation of more cells in S phase was truly due to RB1 inactivation, we looked at RB1 interactions with E2F1 and found that the ability of RB1 linking to E2F1 is impaired in the nuclear extracts when TRAP1 deficient cells were exposed to hypoxia, despite an increase in hypo-phosphorylated RB1. Furthermore, re-expression of TRAP1 in the MD23 cell line, which is TRAP1 negative and has wild type RB1, showed that less cells enter S phase following exposure to hypoxia whilst increasing the amount of RB1 forming complexes with E2F1 observed in the nuclear fractionation.
Geldanamycin is a benzoquinone ansamycin antibiotic that inhibits the chaperon function of HSP90 by targeting its ATPase domain and interfering with its ability to hydrolyse ATP [36, 37] . TRAP1 was also found to possess ATPase activity that was similarly inhibited by Geldanamycin [2] . In order to determine whether ATPase activity was important for the chaperon function of TRAP1, MCF7 cells were treated with Geldanamycin prior to hypoxia. Treatment with Geldanamycin showed that low levels of TRAP nuclear localization resulted in the loss of RB1 and RB1-E2F1 complexes, although the expression of TRAP1 remained at normal levels, suggesting that Geldanamycin interfered with the ability of TRAP1 to associate with RB1 rather than its level of expression. This result also demonstrates that the ability of TRAP1 There is significantly better 5-year (A) and 10 year (B) disease-free survival in patient whose have tumours with positive nuclear staining compared to the one with negative nuclear staining for TRAP1. However, there is no difference between patients classified according to cytoplasmic staining (data not show).
in linking to and re-folding RB1 is strictly associated with a nuclear localization. Loss of RB1 after 12 hours of Herbamycin A treatment of cell lines has also been reported but no explanation for it has been provided [38] . Herbamycin A inactivates HSP90 by a mechanism similar to Geldanamycin. It is possible that it also inactivates TRAP1 leading to a decline in RB1 protein levels.
TRAP1 protein is ubiquitously expressed in normal human [5] , murine [1] and rat [6] tissues. Our systematic review of individual patient DNA microarray data by a meta-analysis shows a loss of TRAP1 mRNA in many types of tumor compared to normal tissue [20] . In the present study, we confirmed by immunohistochemistry that TRAP1 protein is ubiquitously expressed in normal human tissues. We also confirmed that, in several types of tumors, TRAP1 protein expression is lost compared to its corresponding normal tissue. There were reports showing an increased expression of TRAP1 in tumors compared to normal tissue, e.g. Kang et al. [7] reported that they only immunostained four types of normal tissues: exocrine pancreas, breast, colon and lung (alveoli) and 2 cases for each type of tumour (a total of 8 cases) which might explain why they missed negative tumors and most of the positive normal tissues.
Our findings in the correlation expression of TRAP1 and RB1 in a variety of human tumor tissues, particularly in NSCLC and breast tumors, suggested that TRAP1 was associated with RB1 when it was expressed within the nucleus and that the association was lost when TRAP1 was excluded from the nucleus. This was in keeping with previous postulation that TRAP1 associated with RB1 only when both were present in the same subcellular compartment [1] and, since RB1 is primarily a nuclear protein, TRAP1 may chaperone RB1 only when it is present in the nucleus as well. We observed that TRAP1 was not associated with RB1 expression in head & neck tumors. In addition, the TRAP1 mRNA levels were up-regulated in head & neck tumors, thus it is possible to speculate that TRAP1 does not function as a molecular chaperone of RB1 in head & neck tumors since a loss, rather than an overexpression, of TRAP1 would potentially deregulate the cell cycle and facilitate malignant progression. This raised the possibility that TRAP1 may modulate cellular pathways other than the cell cycle in head & neck tumors. This would not be unexpected since TRAP1 belongs to the HSP family of proteins, which are known to be involved in a wide range of cellular processes, and this might possibly account for the findings of the meta-analysis that TRAP1 gene expression was down-regulated in certain tumors but up-regulated in others.
Finally, we examined the correlation of the expression of TRAP1 and the level of RB1 expression in human ductal breast cancer. We investigated the correlation between its expression and various standard clinico-pathological parameters in 423 infiltrating ductal breast carcinomas for which detailed data and follow up were available. We found a positive association between a lack of nuclear TRAP1 and a loss of RB1 expression. Furthermore, lack of nuclear TRAP1 was associated with a shorter disease free survival that is consistent with its putative suppressor activity via the action of RB1. Structural alterations of the RB1 gene are one of the most important molecular changes in breast cancer [39] though several tumours have been identified with normal genes but with loss of protein expression [40] . Several studies have indicated a correlation between the RB1/E2F1 pathway and prognosis [41] in this type of tumor. Although the genetic status of the RB1 gene in our patient cohort is unknown, the functional link between the TRAP1 and RB1 tumor suppressor may provide a predictive marker for future clinical studies. It is of interest that cytoplasmic expression of TRAP1 is associated with grade 3, more aggressive, breast carcinomas. If this association is confirmed in larger studies, the association between cytoplasmic TRAP1 and more aggressive tumours might reflect a differential function for this gene in different cellular localisations.
CONCLUSIONS
In summary, we have investigated the role of TRAP1 in maintaining RB1 function in response to hypoxia. Lack of TRAP1 leading to RB1 impairment would allow tumor cells to grow in hypoxia escaping the physiological cell cycle arrest provided by RB1. These observations are consistent with the hypothesis that G1 arrest in hypoxia may be regulated through activation of the growth suppressive function of RB1. Our results also revealed the complex patterns of TRAP1 expression in human malignant tissues and its correlation with RB1. The importance of our results is twofold. First, we described a new molecular pathway leading to RB1 inactivation. This novelty is evident from a recently published extended map of pathways leading to RB1 inactivation that does not include TRAP1 [42] . The second important point is that we have provided a concept that the loss of tumor suppressor RB1 gene in association with decreased TRAP1 expression is an early event when tumor cells encounter hypoxia. The closest similar hypothesis is the observation in Drosophila Melanogaster that the tumor suppressor gene TID (tumorous imaginal discs) has a sequence predicting a chaperon function [43] .
We propose that loss of TRAP1 causing RB1 inactivation could be the prototype of a new oncogenic mechanism by which tumor suppressor genes are inactivated by conformational alterations, following the absence of their chaperons. However, the RB1 suppressor effect in hypoxia seems to occur early and have a short duration (within 24 hours in cell culture). Whether its inactivation following shock has any durable consequences for tumor growth remains to be established. We are now focusing our work on the finding of genes regulated by TRAP1/RB1, in the setting of a time course exposure of hypoxia, to study the long term effect of TRAP1/RB1 in the response to hypoxia.
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